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Computer controlled polishing and testing of a

glancing incidence telescope

Roger J. Thomas, Geraldine A. Wright, and Charles M. Fleetwood

The elements of a Wolter type II telescope have been fabricated using a small area tool in a computer
controlled facility. The absolute radius of the mirrors can be established to 0.812 um, and relative heights on
the surfaces can be determined to 0.016 pum. The primary has a 0.041-um rms surface error, and the secondary

has a 0.054-um surface error.

I. Introduction

The purpose of the current study of computer con-
trolled polishing and testing of glancing incidence op-
tics is to demonstrate the feasibility of fabricating the
telescope for the proposed solar extreme ultraviolet
telescope and spectrograph (SEUTS).12 This instru-
ment is designed to obtain images and spectra of active
regions on the sun in the 22-44-nm spectral region, and
it requires imaging capabilities of 2 sec of arc over a
4-min of arc field of view.

Glancing incidence telescopes are required for oper-
ation in this wavelength range because the reflectivity
of normal incidence coatings is low, particularly for
wavelengths shorter than 50 nm.3* Some work has
been done to increase the reflectance of normal inci-
dence mirrors with layered synthetic microstructures
(LSMs),5%in which the refractive index varies periodi-
cally with depth. Ir-Si LSMs show enhanced reflec-
tivity at extreme-UV_wavelengths but have narrow
bandwidths. In addition, it has not been demonstrat-
ed that these coatings are stable in the space environ-
ment. For these reasons, a Wolter type IT'? glancing
incidence telescope was selected for the SEUTS in-
strument.

To produce a glancing incidence telescope with 2-sec
of arc imaging, new testing procedures need to be de-
veloped to measure surface figure errors. Traditional
interferograms, in which figure errors are projected
into a plane perpendicular to the optical axis, record
the surface figure information in a plane which makes
large angles with the optical surface. This compresses
the data axially, as shown in Fig. 1, making it difficult
to interpret. Even if it can be interpreted, the large
- cosine errors involved in mapping the deviations from
the interferogram onto the mirror make the axial posi-
tions of the surface deviations very sensitive to small
errors in measuring fringe position on the interfero-
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gram. Cylindrical test plates, which may be used to
test Wolter type I mirrors, are unsuitable for Wolter
type II optics because they depart significantly from
cones, producing high fringe densities that make inter-
ferograms difficult to interpret.

In addition to new test procedures, new polishing
procedures must be found. In our experience, hand
figuring produces glancing incidence telescopes with
5-sec of arc imaging at best. Thus an automated pro-
cedure is being developed in which the amount of
polishing at each location is reproducibly controlled
by the error at that location. Efforts to automate
the polishing process are being conducted at various
places.!!''? The following discussion describes the ef-
fort at Goddard Space Flight Center to automate the
fabrication of glancing incidence mirrors. A schemat-
ic of the telescope being fabricated is shown in Fig. 2,
and the individual elements are shown in Fig. 3.

Il. Generating and Grinding

The first step in fabricating the elements is to gener-
ate and grind the surfaces. The general shape is
ground into the blank using an edge grinder, as shown
in Fig. 4. The ends of the cyliridrical blank are ground
flat and parallel, after which they serve as references to
align the blank with the axis of the edge grinder.
Cones, whose angles equal the average grazing angle of
the mirrors, are ground into the cylindrical blanks.
An internal cone is generated for the parabola and an
external cone for the hyperbola. In addition to the
cones, any external shaping of the parabola is done at
this point. The blanks are oversized axially so that the
turned down edge (a residual from final grinding) may
be cut off before assembly. Extra material is left so
that subsequent grinding and polishing do not cause
the surface to fall below the design curve. After gener-
ating the rough shapes, the mirrors are acid etched to
relieve stress introduced during grinding.!3

Once the cones have been generated, the parabolic
and hyperbolic shapes are ground into the blanks using
loose abrasive and plunge laps made of brass, two of
which are seen in Fig. 5. These laps were produced on
numerically controlled precision lathes and have a pro-
file that matches the desired optical element. Once
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Figurel. Interferogram of glancing incidence mirror taken in same
manner as for a normal incidence mirror. Data are compressed
axially making it difficult to interpret. The large cosine factors also
make the axial positions sensitive to small errors in measuring fringe

location.
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Optical layout of SEUTS Wolter type II telescope. Focal
length is 450 cm.

Figure 2.

machined, the laps are measured and hand lapped to
bring their profiles closer to the desired curve. Two
laps are required for each mirror. The first is used to
rough grind the mirror, and the second is used for fine
grinding.

During grinding the optical surface is ground against
the matching lap to impart the proper shape to the
glass, as shown in Fig. 6. The interior of the parabolic
blank is ground against the exterior of its lap, and the
exterior of the hyperbolic blank is ground against the
interior of its lap. The grinding proceeds through a
series of successively finer grit sizes, each grinding
stage lasting long enough to remove completely the
damaged layer left by the previous grade, whose depth
is three times the size of the particles in the previous
grade of grit.'* This ensures that the depth of the
damaged layer is always known and after final grinding
is shallow enough to be removed by polishing. The
mirror is ground to the desired curve, a point which is
determined by measuring the mirror diameter at a
given axial position.

The advantage of plunge lapping is that by rotating
both the lap and element, errors not symmetrical
about the optical axis are averaged out, so that only
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Individual elements,

Figure 4. FEdge grinding setup.

Figure 5. Plunge laps used to grind the conic shapes into mirrors.

errors of axial dependence need to be addressed during
polishing. Figure 7 shows the out of roundness error
on the mirrors after the final grinding stage. After
final grinding, the ends are reground and polished flat
and perpendicular to the optical axis. Also, fiducial
marks, which will be described, are inscribed on the
mirror blank.



a. Parabola

b. Hyperbola

Figure 7. Azimuthal error of elements of SEUTS telescope after

the final grinding stage.

lll. Metrology

Once the blanks have been ground, a precision mea-
suring machine is used to obtain the axial profile of the
mirror. The setup is shown in Fig. 8, and the parts of
the setup are identified in Fig. 9. The Moore 3 mea-
suring machine has lead screws driven by a stepper
motor controller. An HP-5501 interferometer with a
resolution of 0.016 um monitors the movement of the
machine slide table. An inductance-type electronic
ball probe with a 0.8-mm diam ball is installed on the
vertical spindle of the machine to measure the axial
profile. A set of Cartesian coordinates is superposed
on the machine axes as shown in Fig. 9.

Figure9. Schematic diagram of the measurement setup. Machine

axes are labeled.

Figure 10 shows a close-up of the parabola setup on
the slide table for a measurement with the various
parts of the setup identified in Fig. 11. A rotary table
is bolted to the Moore machine X slide, and a tilt plate
is attached to the rotary table with magnets. A v-
block is set on the tilt plate, and the parabola is mount-
ed in the v-block with its optical axis parallel to the x
axis. The probe, which is attached at the end of an
arm so it can reach the optical surface, contacts the
surface and is oriented to measure displacements par-
allel to the y axis. The stepping motors advance the
lead screws to step the mirror along the theoretical
curve, which is stored on a flexible disk. The probe
measures deviations from the theoretical curve, and
the interferometer monitors the actual position of the
slide table, which may differ from the nominal position
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Figure 10. Close-up of the parabola on testing mount.
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Figure 11. Schematic diagram of parabola on test mount. Ma-
chine axes are indicated: (a) parabola; (b) hyperbola.

because of lead screw error and temperature expansion
of the lead screw. The entire system is controlled by
an HP-87 computer. Probe readings are fed into an
amplifier which has a noise level of 0.00254 ym and
then into an analog—digital converter, which sends the
digitized voltages to the computer. The interferome-
ter and surface data are then stored on a flexible disk.

The measurement setup for the hyperbola, which is
shown in Fig. 12, is similar to that for the parabola.
The main difference in the setup is the mount for the
hyperbola itself. The hyperbola is mounted onto a
precision ground shaft by means of a threaded rod
through the center of the hyperbola. It can be suspend-
ed between points with its optical axis parallel to the
machine x axis. The points are on the ends of two rods
which are secured to granite blocks, which are in turn
bolted to the slide table. The probe contacts the opti-
cal surface and measures deviations from the theoreti-
cal curve.

To measure the mirrors, a technique must be devel-
oped to reproducibly establish fiducials so that the
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Figure 13. Coordinate system in which the figure error of the
mirror is expressed. Position of reference scratches on ground and
polished lip is indicated. Reference pad location is also indicated.

measured errors can be precisely mapped onto the
surface of the element, allowing them to be polished
out and subsequent measurements compared.l® This
requires establishment of the cylindrical coordinate
system shown in Fig. 13. To establish an origin in this
coordinate system, it is necessary to reproducibly lo-
cate reference positions in all three axes of the coordi-
nate system. These positions can belocated by the use
of two reference scratches and a reference pad, whose
locations on the cylindrical blank are shown in Fig. 13.
The scratches allow the axial and azimuthal reference
origins to be established. The reference pad, a spot on
the ground and polished lip with a predetermined posi-
tion relative to the scratches, is a known distance from
the optical axis and so allows a radial reference posi-
tion to be established.

The first step in establishing the fiducials on the
mirror is to align the optical axis to the x axis. The
mirror is placed in its mount with the optical axis
approximately aligned to the x axis. The probe is
placed in contact with the optical surface oriented so
that it measures deviations parallel to the y axis. Itis
moved vertically until an extremum in the probe devi-
ation is obtained, at which point the radial plane has
been found. The x axis is moved to bring the probe to



Figure 14. Measuring tilt of the optical axis.

the vicinity of the scratches, and the element is rotated
about its optical axis until the probe is centered in the
azimuthal reference scratch. Thislocates the origin of
the azimuthal coordinate in the reference coordinate
system. After the proper azimuthal orientation is ob-
tained, fine adjustments can be made to the alignment
of the optical axis. The operator adjusts the parabola
by probing its endface, whose angle relative to the
optical axis has been measured previously, and adjust-
ing the angle of the endface relative to the x and y axes
using the tilt plate and rotary table, as shown in Fig. 14.
The optical axis can be aligned to within 0.1 sec of arc.

After the optical axis is aligned, the fiducials may be
located. The probe is moved back into the radial
plane, and the element is moved axially using the ma-
chine lead screws until the probe is centered in the
axial reference scratch. The x axis leg of the interfer-
ometer is zeroed at this point. This establishes the
axial reference in the reference coordinate system. It
can be reproducibly located to within 2.54 um. Final-
ly, the element is moved axially a known distance to
the position of the reference pad and then radially to
zero the probe. The y-axis leg of the interferometer is
zeroed, and the radial origin has now been located.
Since the radial position of the reference pad is known
from previous measurement, all measurements can be
referred to the optical axis. The radial origin can be
reproducibly located to within 0.812 um. This proce-
dure allows one to measure the figure error in a coordi-
nate system with its origin on the optical axis at the
azimuthal position of the horizontal reference scratch
and at the axial position of the vertical reference
scratch.

Once the fiducials have been found, which is done by
the operator with prompts from the computer console,
the motors step the element past the probe. At each

Geometry of the calculation of glass coordinates from
the position of ball center.

Figure 15.

position the element is allowed to sit for ~4 s to allow it
tostabilize. Readings are taken from the X and Y legs
of the interferometer and from the probe. The X
reading gives the X position of the center of the ball
probe directly. Subtracting the probe reading from
the Y reading gives the Y position of the ball center.
After the readings are taken and the X and Y coordi-
nates of the ball center have been calculated, the step-
per motor controller drives the lead screws to the next
location on the mirror. When the element has been
completely measured, the data are stored on a flexible
disk as a set of X and Y coordinates denoting the center
of the ball probe relative to the reference scratches and
pad as the profile of the element was measured. The
uncertainty in the height of errors relative to the refer-
ence pad is 0.016 um.

IV. Data Reduction

The raw data stored on disks may be reduced to
determine the actual glass profile from the coordinates
of the center of the ball probe. The probe will contact
the glass at the point where their slopes are equal, so
that once the slope at the contact point has been calcu-
lated, the corrections needed to obtain the glass sur-
face coordinates can be found. The geometry is shown
in Fig. 15.

The slope, or dY/dX, is calculated from the coordi-
nates of the ball center. The Y coordinate of the ball
center is found using the formula

Y, () = YD+, (1)

where Y, (/) = radial coordinate of the ball center for the
Ith measurement point,
Y.(I) = radial distance of the ball center from the
reference pad for the Ith point, and
Y, = radial distance of the reference pad from
the optical axis.
The slope dX/dY may then be calculated using the
formula

dX/dY =D =[X,(I+1) = X,(D)/[Y,I+ 1) = Y, (D], (2

where X (I + 1) = axial coordinate of the ball center at
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(b)

Figure 16. Setup used to polish glancing incidence mirrors: (a)
entire setup; (b) close-up with bellows pulled back to expose lead
SCTEW.

the (I + 1)th point and X ,(]) = axial coordinate of the
ball center at the Ith point.

Once the slope is found, the value AX, which is
needed to obtain the axial coordinate of the point at
which the ball contacts the glass surface, can be found
from

AX =r/(1 + D%V 3

where r is the radius of the ball on probe.
The actual glass coordinates may then be found by
using
X (D) = (X,(I+1) + X,(D/2 + SAX,
Y (D =[Y,(I+1)+Y,()/2~SAXD, @
where X,(I) = axial coordinate of the ball contact with
the optical surface at the Ith point,
Y,(I) = radial coordinate of the ball contact with
the optical surface at the Ith point, and
_ {—1, for parabola

~ |+1, for hyperbola.
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Figure 17. Schematic diagram of polishing setup with parts identi-
fied. The tool rotates about a vertical axis, and the mirror rotates
about its optical axis.

This now gives the desired surface profile data. The
deviation of the surface from the design curve may be
found by subtracting the theoretical value of Y, at each
axial position from the actual value of Y, at that posi-
tion.

If desired, a best fit curve may be found by optimiz-
ing the conic constants and the axial distance of the
reference scratches from the conic foci to minimize the
rms deviation of the data from the best fit curve. In
other words, the quantity to be minimized is

N (1/2)
E=(Tumn—anM) ; (5)
I-0
where Y,(I) = value of Y, at the Ith value of X,;
Y:(I) = theoretical value of Y, at the Ith value of
X, using best fit parameters; and
N = total number of measurements.

To minimize the rms surface error, we use a method
that reduces to zero the values of the partial deriva-
tives of the error function with respect to the parame-
ters to be optimized.'® Once the best fit values for the
curves have been found, the rms deviation may be
calculated by subtracting the theoretical values from
the actual ones.

V. Polishing

Once the mirror has been measured, it can be pol-
ished. The element is polished and figured by a small
diameter (6.4-mm) tool which dwells at an axial posi-
tion long enough to remove the error at that position
and then moves to another axial position. This setup
is shown in Fig. 16, and a schematic diagram is shown
in Fig. 17. The element is mounted on a 4-jaw chuck
on the shaft of a motor; the hyperbola is mounted using
the metal shaft to which it is attached, while the parab-
ola is placed into a cylinder large enough to completely
contain it and is then mounted in the chuck. This
allows the mirrors to be chucked onto the motor shaft
without putting a load directly on the mirror. The
mirror is rotated about its axis at 34 rpm (hyperbola) or
38 rpm (parabola). The tool, which can be seen in the
close-up in Fig. 18, is a piece of felt impregnated with
pitch and mounted in a dentist’s drill which rotates it
at 1620 rpm and which is held against the mirror by a
spring. The drill is mounted on a platform which is
driven by the horizontal lead screw.



Figure 18. Close-up of polishing tool.
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Figure 19. Tool polishing flat against the glass will form grooves on
the surface.

If allowed to polish flat against the glass, the tool will
polish a set of grooves concentric about its spin axis.
During a run, the tool will try to polish grooves into the
mirror, some of which are parallel to the optical axis
and some of which are perpendicular to the axis. Be-
cause of the rotation of the mirror, the tool is not
allowed to linger over an azimuthal position long
enough for the grooves parallel to the axis to form, as
can be seen in Fig, 19(a). But the axial motion of the
tool over the mirror is much slower, so the grooves
perpendicular to the axis do have long enough to form,
as shown in Fig. 19(b). To prevent this, the dentist’s
drill holding the tool is rotated ~5° about a horizontal
axis, as shown in Fig. 20(a). Only one side of the tool
contacts the mirror, so that the relative motion be-
tween the tool and mirror at the point of contact is
parallel to the optical axis, as seen in Fig. 20(b). This
is the motion that produces the grooves parallel to the
axis, which do not have a chance to form anyway. The

t+5°

TOOL
MIRROR
(END VIEW)
a. Rotating the dentist’s drill about the horizontal causes the tool to contact the
mirror only along one side.
o iRRoR
(TOP VIEW)
@ 2
vy
b. Footprint of wol on glass is tear shaped. Relative motion between tool and glass

within footprint tries to form grooves parallel to the optical axis.

Figure 20. Tilting the drill allows the tool to contact only along one
side.

tool does not contact the mirror at those points at
which its relative motion with the mirror would polish
grooves perpendicular to the axis, thus these grooves
are prevented. The net result is to prevent formation
of the grooves on the mirror.

Rotating the tool against the surface at an angle
causes the tool to assume a conical shape, as shown in
Fig.21. Because of the conical shape and because only
one side of the tool contacts the mirror, polishing takes
place in a narrow axial zone, so the tool contact can be
adequately approximated as a point.

Bowl feed polishing techniques!’ are used to main-
tain a constant uniform bath of cerium oxide solution
on the element during polishing. For the parabola, the
bath is created by damming the ends with tape and
pouring a measured solution into the bowl thus creat-
ed. For the hyperbola, a tub surrounds the lower half
of the mirror and forms a bowl into which the mea-
sured solution can be poured.

To begin a polishing run, the surface deviation data
are read into the computer. For each tool step, the
surface deviation data are interpolated to calculate the
error at the point of contact between the tool and
mirror. Then the tool is moved horizontally using the
lead screw until the edge of the tool just touches the
end of the blank. At this point the computer sends a
series of commands to a pulse generator which drives a
stepper motor to advance the lead screw until the
center of the tool is over the starting point on the
mirror. Rotation of the element and tool is started,
and the computer begins sending commands to step
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a. Shape assumed while polishing parabola.

~—

b. Shape assumed while polishing hyperbola.
Figure 21. Tool assumes a conical profile during polishing: (a)
Shape assumed while polishing parabola. (b) Shape assumed while
polishing hyperbola.

the tool to successive axial positions along the element,
allowing it to dwell long enough to remove the error at
that axial position. The tool is allowed to remain a
certain minimum time even at low positions so that the
element will be polished out over the entire aperture.
When the polishing run is finished, the element is
measured to determine the new profile and whether
more polishing is needed.

Certain precautions must be taken when going
through the measurement and polishing cycle. One
such precaution is to take into account the change in
the contact point of the tool relative to the tool center
as the tool steps across the mirror. This difference,
which for this example is as much as 3 mm, is caused by
the changing slope of the mirror at different axial
positions. Initial tests are performed to determine
where the tool contact point is relative to the tool
center as the tool advances over the element, and this
information is included in the routine which interpo-
lates the surface deviation at the tool contact points.
This is further refined by comparing plots of the data
before and after a polishing run to determine exactly
where polishing has taken place.

The tool dwell time is calculated using the assump-
tion that the tool contact can be approximated as a
point. Although not strictly true, this assumption
works acceptably well in practice. This assumption
leads to the conclusion that the dwell time of the tool at
each axial position depends on the height of the error
only at one point.

A second assumption of the polishing is that the
polishing rate is linear with polishing pressure. The
spring which presses the tool against the mirror will
experience large deflections as the tool moves across
the mirror, as shown in Fig. 22(a). This will cause a
change in the spring force, which will in turn cause a
change in polishing rate. To alleviate this, the motor
is tilted so that the optical axis of the element makes an
angle to the horizontal equal to its average grazing
angle. The mirror still rotates about its optical axis, as
shown in Fig. 22(b), but the axis is no longer horizontal.
The residual deflection, caused by the mirror depar-
ture from a cone, which the spring experiences is not
great enough to cause a noticeable change in the pol-
ishing rate.
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a. With optical axis horizontal.

b. With optical axis tilted by amount equal to average slope on mirror
Figure 22. Change in height experienced by tool as it traverses the
mirror: (a) With optical axis horizontal. (b) With optical axis tilted
by amount equal to average slope on mirror.

Vl. Results

The procedure described above has been applied to
elements of the SEUTS telescope. The current figure
error of the parabolic primary is shown in Fig. 23(a),
and that of the hyperbolic secondary is shown in Fig.
23(b). The parabola has an 0.041-um (1.6-gin.) rms
figure error after 120 h of polishing, and the hyperbola
has a rms figure error of 0.054 pm (2.1 gin.) after 30 h of
polishing. Figure 24 shows the out-of-roundness of
the mirrors after polishing. There is not much differ-
ence in the out-of-roundness values before and after
polishing, so the polishing process does not seem to
introduce out-of-roundness errors. The spatial fre-
quency distribution of the surface errors of the parabo-
la is shown in Fig. 25. The errors with largest ampli-
tude fall in the 0-10/in. frequency range. The
amplitudes level out to ~0.3 uin. at high frequencies,
and this represents the noise level of the system. The
cutoff occurs around 10 cycles/in., so all that is known
about their amplitudes is that they are smaller than 0.3
uin. No data are available about errors of correlation
length between 0 and 50 um. Figure 26 shows a com-
parison of the spatial frequency distribution of surface
errors before and after polishing the hyperbola. Er-
rors of frequencies of 0-10 and 30-50 cycles/in. are
removed efficiently. However, errors of 10-30-cycles/
in. frequency are not removed very efficiently. Vari-
ous methods are being tested to remove these errors.

Figure 27 shows the expected energies that would be
measured by an array of 10- X 10-um pixels in the focal
plane when a point source at 30.4 nm is imaged by the
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a. Before

Figure 24. Change in out-of-roundness error introduced by the
polishing process in the hyperbola: (a) before, (b) after.

telescope. This was calculated by the optical surface
analysis code!® program, which was developed to eval-
uate the imaging qualities of manufactured telescopes.
The pixel size was chosen to correspond to the width of
the focal planeslit in the SEUTS instrument. The full
width at half-maximum of the image profile is 45 um
(2.25secof arc). There is a significant amount of large
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Figure 26. Comparison of spatial frequency distribution of surface
errors of hyperbola before and after polishing.

angle scatter in the image. The half energy width is
1000 pm (50 sec of arc).

It is the hyperbola which currently limits the perfor-
mance of the system, as can be seen by looking at Fig.
28, which shows the separate contributions to the im-
age degradation. The hyperbola has not at this point
been finished, and its final figure is expected to be as
good as that of the parabola. The energies measured
by an array of 10- X 10-um pixels when the hyperbola
has the same surface quality as the parabola is shown
inFig.29. This imaging profile has a full width at half-
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Figure 29. Energies contained in 10- X 10-um pixels in the focal
plane when both mirrors have surface errors the same as the current.
parabola.

maximum of 15 um (0.75 sec of arc) and a half energy
width of 390 um (19.5 sec of arc).
Vil. Conclusion

We have developed a technique for automating the
polishing and testing of the elements of a Wolter type
II telescope. The technique allows for fabrication of
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glancing incidence mirrors with an rms surface error of
0.04 pm or less, which will give images with full width
at half-maximum of 0.75 sec of arc and half-energy
widths of 19.5 sec of arc when used at a 30.4-nm wave-
length.
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